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Abstract

This research reviews the economic and environmental impacts of grid-extension and off-grid systems, to inform the appropriate electrification strategy for the current population without electricity access. The principal technologies reviewed are centralised conventional fossil-fuel grid-extension and mainly solar PV and batteries off-grid systems. It finds that relatively few studies explicitly compare grid-extension electricity costs against off-grid systems costs and that there is a lack of consistency in the methodologies used to determine the least-cost solution. Nevertheless, the studies reviewed show a range of around $0.2-1.4/kWh for off-grid electricity access, compared to a range of below $0.1/kWh to more than $8/kWh for grid access, pointing to a number of cases in which off-grid access may already be the more cost-effective option. Existing literature on the environmental impacts primarily focuses on greenhouse gas emissions from electricity generation, with off-grid (solar PV and storage) systems’ emissions in the range of 50-130 gCO2-eq/kWh and grid generation from close to 0 gCO2-eq/kWh (for renewables and nuclear sources) to over 1,000 gCO2-eq/kWh (for coal). Emissions impacts stemming from transmission and distribution grids suggest a range of 0-30 gCO2-eq/kWh. Assessments of other environmental impacts such as water use, land use, biodiversity and e-waste are often absent in studies, whilst few studies explicitly compare the environmental impacts of grid versus off-grid systems. Further research should focus on comparing the costs of electricity access options using consistent metrics, expanding the scope of environmental impacts analysis, and integrating environmental and economic impacts into a comprehensive sustainability assessment of different options. 
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Highlights 
· Comprehensive review of grid versus off-grid costs and environmental impacts
· Off-grid costs in range $0.2-1.4/kWh; grid extension < $0.1/kWh to > $8/kWh
· Solar PV off-grid emissions range 50-130 gCO2-eq/kWh, grid ~0 to >1,000 gCO2-eq/kWh
· Studies differ in cost methodology used, and lack wider environmental analysis
· Methods integrating cost and environment impact required for holistic comparisons
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Abbreviations:

BOS: Balance of systems 
CBA: Cost-benefit analysis 
CED: Cumulative energy demand
CO2: Carbon dioxide 
CO2-eqPBT: Carbon dioxide equivalent payback time 
EIA: Environmental impact assessment
EPBT: Energy payback time
ESMAP: Energy Sector Management Assistance Programme
EYR: Energy yield ratio
GER: Gross energy requirement
GHG: Greenhouse gas
Gt: gigatonnes 
GWP: Global warming potential
HOMER: Hybrid Optimisation Model for Electric Renewables
HV: High -voltage
IEA: International Energy Agency
IPCC: Intergovernmental Panel on Climate Change
IRENA: International Renewable Energy Agency
ISO: International Organisation for Standardisation
km: kilometre
kWh:  kilowatt-hour
LCA: Life cycle assessment
LCC: Life cycle costing
LCOE: Levelised cost of electricity
LCSA: Life cycle sustainability assessment
LV: Low -voltage 
MCDM: Multi-criteria decision-making 
MTF: Multi-tier framework 
MV: Medium -voltage 
MW: megawatt 
NER: Net energy ratio 
NOx: Nitrogen oxides
N2O: Nitrous oxide
PV: Photovoltaics
PVLCC: Present Value of life cycle costing
SDG: Sustainable Development Goal 
SEA: Strategic environmental assessment
SF6: Sulphur hexafluoride
SHS: Solar home systems 
SOx: Sulphur oxides
SO2: Sulphur dioxide 
T&D: Transmission and distribution
UN: United Nations
UNSD: United Nations Statistics Division
USD: United States Dollar
WB: World Bank
WHO: World Health Organisation
WTA: Willingness to accept 
WTP: Willingness to pay 

Nomenclature:
It           investment expenditure in year t
Ft       fuel expenditures
Et       electricity generation
r         discount rate used to calculate the present value of all other costs
n        lifetime of the system
IC       investment costs in year t
N        length of the study period
COM  operating, maintenance and repairs costs
R        replacement costs
F        fuel costs
S        residual value



















1. Introduction

Lack of access to electricity and clean cooking are the main indicators of energy poverty [1]. In 2018, 789 million people lacked access to electricity; moreover, household access remained unreliable or unaffordable in many countries [2]. This situation is especially pronounced in rural regions of developing countries. Sustainable Development Goal (SDG) 7 aims to provide universal access to affordable, reliable and modern energy services for all by 2030 [3]. A key facet of SDG7 is to close the gap of people without energy access. Several governments have plans to address this issue, but the International Energy Agency’s (IEA) Stated Policies Scenario[footnoteRef:1] suggests that around 620 million people would still lack access to electricity in 2030 [4]. [1:  This scenario considers policy initiatives announced by governments. For SDG7, relevant policies are the Nationally Determined Contributions, pledged in the Paris Agreement, and other policies [4].  
] 


Globally, grid-extension has been the predominant approach for electricity provision. Around 600 million people (representing 97% of new connections) gained access mainly via grid-extension, powered by fossil fuels, between 2000-2016 [1]. The main advantage of grid networks is the supply of low-cost power and high-power levels (depending on grid reliability) once the connection has been made [5]. The grid can supply large quantities of electricity which enable the operation of high-power and very high-power appliances such as cooling, heating and refrigeration; allowing households to meet all their electricity needs [6]. It can also enable commercial and industrial applications [5]. Another advantage of the grid is that it is generally cheap, if the option of connection is available, especially for households located in densely populated areas and/or with high consumption [1,7]. Furthermore, a grid connection potentially allows the choice of several electricity retail providers, with this competition amongst providers placing a downward pressure on costs and prices. Ancillary services help the grid maintain its stability and reliability [8].  However, grid-extension has been carbon-intensive, requires large capital investments, needs long-time for its infrastructure construction and the electricity supply is often unreliable in some locations [5,9,10]. Alstone et al. [5] showed that since the late 1800s, global population growth has outpaced grid-extension, demonstrating that there has been a consistent gap of 1-2 billion people without electricity access. Moreover, despite countries with significant electricity access, supply is unreliable and weak. For example, in Mexico whereby 99% of households are connected to the grid [11], ranked 72 out of 137 countries in the ‘Quality of electricity supply’ indicator measured by the World Bank (WB), which compares interruptions and voltage fluctuations in different countries to assess reliability of supply [12]. In addition, the combustion of fossil fuels is the major driver of climate change [5,9,13], it has historically caused air pollution [14], likewise having a negative impact on health. Thus, fossil fuels are not a cost-effective electrification option when environmental externalities are considered [15,16]. It is important to note that there are grids with a high share of renewable sources as it is the case of Denmark; almost half of the country’s electricity consumption was sourced from wind power in 2019 [17]. At the same time, rural electrification interventions in developing countries have frequently used fossil-fuel off-grid systems such as diesel generators, which are also carbon-intensive [15].

There is an alternative to grid-extension through technology innovations such as off-grid renewables. Steady cost decreases in solar photovoltaics (PV) and battery storage coupled with the growth of mini-grids and stand-alone systems provide an opportunity to achieve SDG7 through off-grid low-carbon electricity systems, capitalising on the significant renewable resources available in many developing countries. It has been noted that many such countries, particularly in Sub-Saharan Africa, have the opportunity to establish a more decentralised and renewable energy provision [18] without heavily investing in centralised and often fossil-fuel based solutions. Nevertheless, a recent study predicts that the share of non-hydro renewable sources in electricity generation will likely remain below 10% in Africa by 2030; posing risks of high-carbon lock-in in this region [19]. From the renewable options available, solar technologies have emerged as a power generation alternative to fossil fuels owing to their scalability and increasing cost reductions. Solar PV modules costs have dropped 90% since 2010, whilst the global cost of electricity from utility-scale solar PV has decreased 82% since 2010, reaching a global weighted-average levelised cost of electricity (LCOE) of 0.068 USD$/kWh in 2019 [20]. Lead-acid and lithium-ion batteries are commonly used in renewable energy systems, but this increases the costs of electricity provision [9,16]. However, storage technology costs are projected to reduce considerably in the future [21,22]. In addition to solar technologies, other renewable sources such as wind [23], hydropower [24] and biomass [25,26] have been analysed in the literature as potential electrification solutions in developing countries. In recent years, off-grid systems have been increasing electricity supply around the world. In 2018, over 35 million people had access to Tier 1 and above through stand-alone systems and mini-grids. Tier 1 refers to an electricity supply which is able to support very low-power appliances such as task lighting and phone charging [6]. In 2010, around one million people had access to electricity services below Tier 1, mainly via solar home systems (SHS) and solar lighting, compared to 136 million people in 2018 [2]. Hence, off-grid renewable energy systems are an essential intermediate step to improve electricity provision [5] and are crucial for last-mile electricity provision [27]. In spite of their advantages, off-grid renewable systems require high upfront capital investments and power is supplied intermittently [7,16]. Other drawbacks of these systems are limited capacity of electricity supply compared to the grid [6,7,28], lower power quality [29,30], and lack of local skillful staff to operate and maintain the systems [7,31]. The arrival of the grid can result in technical and financial challenges for off-grid systems [28]. Moreover, in some cases even with off-grid access available, the community aspires to be connected to the grid [32,33,34].

Thus, it is important to assess the relative costs and benefits of grid-extension and off-grid systems to meet the needs of the population that does not currently have electricity access. At this time, there is no thorough assessment of how the attributes of these different approaches compare. The current literature has specific studies evaluating particular aspects of the issue, such as understanding the relative costs or carbon dioxide (CO2) emissions of electricity generated in certain regions. These studies are discussed in detail in Section 2 and 3. Few other studies have reviewed the methods available to compare different electrification strategies. For example, Morrissey [35] carried out a systematic review comparing the results of least-cost electrification models with study limitations noted due to the different geographies, technologies and parameters used. Similarly, Ciller and Lumbreras [36] reviewed the tools available for rural electrification planning and concluded that most tools focus on economic optimisation only. In order to provide an up-to-date and comprehensive review, we evaluate grid and off-grid systems, considering their major implications, crucially including their environmental and economic implications. In addition to the most studied environmental impact, greenhouse gas (GHG) emissions, here we consider grid and off-grid electrification impacts on biodiversity, land footprint and electronic waste (e-waste) generated. Moreover, we look at the integration of economic and environmental metrics to undertake a comprehensive assessment of electrification options. 

In brief, this review compiles and synthesises a wide range of literature on the economic, environmental and other non-technical implications of each solution to evaluate the appropriate rural electrification strategy for different regions. We also discuss the advantages and the limitations of each electrification solution. By critically reviewing this literature for its completeness and comparability, we aim to identify evidence gaps which must be addressed in order to understand the performance and suitability of these two electrification strategies in different situations. These gaps are, most importantly, the lack of consistency in the methodologies used to determine the least-cost solution and the limited scope and coverage of the environmental impacts of grid and off-grid systems.

Before embarking on this review, it is important to define key terms used in this research area. Typically, energy access has been used as a binary metric to describe if there is a grid connection in a household, an electric pole in a village or an electric bulb in a house [6]. The multi-tier framework (MTF) was set out by the World Bank (WB) to devise a more comprehensive definition, including off-grid systems, and considering energy attributes previously overlooked in binary metrics such as capacity, duration, reliability, quality, affordability, legality, and health and safety (see Appendix A) [6]. For the purpose of this review, grid electricity access refers to conventional centralised grid-extension systems typically powered by fossil-fuels and off-grid refers to decentralised solutions including stand-alone and mini-grid technologies powered mainly by renewables such as solar PV and batteries. Decentralised and off-grid systems are considered synonyms in this context. We acknowledge the term micro-grid is used widely on the literature, for simplicity we grouped it in the mini-grid category. For this study, stand-alone systems refer mainly to solar lighting systems and SHS. Grid-connected refers to independent decentralised systems connected to a grid network [9], in this case that is mini-grids connected to the grid (see Figure 1).  


[image: ]
Figure 1: Typology used for electrification pathways. The present study uses solar as a typical example for off-grid, but off-grid could also include biomass, wind, diesel, small hydro, or any combination of these technologies (hybrid systems). 


Off-grid systems are independent of electricity generated and supplied by the centralised grid and have a (semi)-autonomous capability to cover electricity demand through local power generation [37]. Stand-alone are small systems for individual appliances or users with a capacity of up to 100 Watts [37]. Mini-grids are localised power networks serving multiple customers with a capacity of up to 100 MW; they have a distribution system and can be connected to the grid or interlinked with other mini-grids [37]. 

The remainder of this paper is set out as follows, Section 2 describes metrics and modelling tools used to compare grid versus off-grid costs and reviews the literature available on economic comparisons. The environmental impacts of each system beyond GHG emissions and electricity generation are reviewed and illustrated in Section 3. Then, Section 4 presents techniques to carry out a comprehensive evaluation of impacts and overviews previous studies that have applied this analysis in an energy access context. Finally, Section 5 concludes the main research gaps and challenges and proposes recommendations for future work to undertake a truly comprehensive and meaningful comparison between grid and off-grid strategies.



2. Comparing grid versus off-grid costs

Palit & Bandyopadhyay [10] assert that ultimately the criteria that govern the choice between grid-extension and off-grid systems are the least-cost technology option with minimum maintenance requirements. However, several other factors have been identified as important, including policy decisions, existing electricity infrastructure, energy resource availability, technology costs and socio-economic conditions of the country [5,38]. For example, Kaundinya et al. [9] state that, regardless of the system configuration, it is important to make a techno-economic and environmental assessment to determine the feasibility of an energy system.  Since most of the comparison between electrification pathways focus on the economic criteria [35,36], we reviewed the literature available to analyse the underlying sources of variability across economic comparisons (see Section 2.5).

The economic feasibility of grid-extension depends on the distance from the grid, topology, population density and electricity demand [15,38]. Distribution costs are higher for villages located in hilly terrains than for ones located in plain terrains [39]. Distance from the grid is the most important economic consideration in choosing locations for off-grid deployment. The breakeven distance determines the maximum distance after which off-grid systems are more economically viable than grid-extension [16]. The suitability of grid-extension, mini-grids installation or stand-alone systems deployment depend on the characteristics of a given population. Rural areas are often characterised as being remotely located in complex terrains with small and sparsely populated communities such that providing electricity supply in these areas with centralised systems is prohibitively expensive. Mini-grids and stand-alone systems become more cost-effective in this case [9,38,40]. Previous studies have emphasised the importance of considering different electrification pathways as complementary solutions to enhance energy security. Hence, they mentioned that integral solutions need to be contemplated by governments when planning for electricity infrastructure [10,38]. However, it is not possible to define a one-size-fits-all solution given each country’s social, political, environmental and technical differences [10,41].

2.1 Metrics used to compare grid-extension with off-grid system costs

The most common metric used to compare the costs of different electrification pathways is the LCOE, which is the final price of electricity required for the energy system to achieve breakeven of the project’s total costs over its lifetime. It includes the net present value of all the costs incurred during the system lifetime divided by the discounted electricity generated [42]. The LCOE formula is represented as:

                                                                                                 (1)

It represents the investment expenditure in year t, COMt are the operation and maintenance expenditures, Ft are the fuel expenditures, Et is the electricity generation, r is the discount rate and n is the lifetime of the system [42]. 

Another approach used is the life cycle costing (LCC) method, where all the costs incurred by the main producer or user during the life cycle of a product are considered. This conventional LCC assessment includes the purchase price of the product and the discounted costs over its lifetime. The formula to calculate the Present Value of LCC (PVLCC) is:

                                                                              (2)

IC represents investment costs in year t. N is the length of the study period and r is the discount rate used to calculate the present value of all other costs. COM represents operating, maintenance and repairs costs; R, replacement costs; F, fuel costs and S, residual value [43]. 

Another type of LCC is Environmental LCC, which considers the costs borne by other actors and, hence, it includes the internalisation of externalities costs. Some examples for externalities costs are waste disposal costs, CO2 taxes and climate adaptation costs [44,45]. Despite these differences, both metrics are used in the literature as a basis to calculate the breakeven or economical distance limit to determine the critical distance beyond which off-grid systems are the least-cost option versus grid-extension [13,32,39,46]. Some authors compare the LCOE of off-grid systems with the average connection costs per household [42,47], while others define the breakeven electricity consumption level for which the cost of an off-grid system is equivalent to a grid connection cost [48,49]. 

2.2 Modelling tools for energy access planning

A number of modelling tools can be used for comparing electrification strategies. For instance, the Hybrid Optimisation Model for Electric Renewables (HOMER) optimises the system design based on technical properties and the LCC of the system and calculates the breakeven distance [50]. Narula, Nagai and Pachauri [51], compared the cost effectiveness of centralised and decentralised distributed generation technologies in the South Asian region, using a variant of the Model for Energy Supply Strategy Alternatives and their General Environmental Impacts (MESSAGE-Access model). In addition, several modelling tools have been developed to support rural electrification planning by comparing grid-extension, mini-grids and stand-alone options. Ciller and Lumbreras [36] classified these tools according to their modelling complexity. The authors noted that most rural electrification tools focus on economic optimisation only. Moreover, Morrissey [35] compared the results of existing models. Although a detailed description of these tools and their comparison is beyond the scope of this review, Table 1 summarises selected modelling tools according to Ciller and Lumbreras [36] classification framework. 



Table 1: Summary of selected modelling tools for energy access planning. Adapted from [35,36].
	Classification
	Model name/Institution
	Technologies considered
	Case studies
	References

	Pre-feasibility studies


	OnSSET/Royal Institute of Technology (KTH)
	Grid, mini-grid (PV, wind, diesel, hydro), stand-alone (PV)
	Nigeria, Ethiopia, Sub-Saharan Africa, Kenya
	[52-55]
 

	Pre-feasibility studies

	ECJRC/RE2nAF
	Grid, mini-grid (diesel, PV, hydro), stand-alone (PV)
	Africa, Burkina Faso
	[18,56,57]

	Intermediate analysis

	Network Planner/Columbia University
	Grid, mini-grid (diesel), stand-alone (PV)
	Kenya, Senegal, Liberia, Ghana, Nigeria
	[46,47,58-60]

	Intermediate analysis

	Reiner Lemoine Institut (RLI)
	Grid, mini-grid (diesel and/or renewables+storage), stand-alone (PV)
	Nigeria, Sub-Saharan Africa, Global (52 countries with low electrification rates)
	[61-63]

	Intermediate analysis

	World Bank (WB)
	Grid, mini-grid (PV, wind, diesel, PV, wind, biodiesel), stand-alone (PV, wind, diesel)
	Ghana, Ethiopia, Kenya
	[64]

	Detailed generation and network designs
	Reference Electrification Model/Massachusetts Institute of Technology (MIT)
	Grid, mini-grid (PV, diesel), stand-alone (PV, diesel) *
	India, Kenya, Peru
	[65-67] 


*Generation sources might vary depending on study


Pre-feasibility tools generally group the electricity consumers into cells and compare electrification pathways based on their LCOE calculation. Although they do not compute the grid-extension network layout nor off-grid systems sizing, pre-feasibility tools offer valuable information with short computation time. Intermediate analysis tools calculate network layouts and some tools additionally size off-grid systems generation using analytic expressions and iterative methods. The third category refers to detailed generation and network analysis tools, which have the highest level of modelling complexity and thus the lowest computation speed. These tools provide accurate calculations of generation and network designs for grid-extension and off-grid solutions at a consumer level whilst considering electric constraints, topography and different sizes for lines and transformers. The Reference Electrification Model, developed by MIT, was the only tool belonging to this category [36].

2.3 Costs of grid-extension

Centralised grid system costs generally comprise extension of high-voltage (HV) transmission lines, medium-voltage (MV) and low-voltage (LV) distribution lines, transformers, and additional connection costs per household, which are costs for metering and wiring [46,68]. Investments required for grid-extension increase with longer distances between the load centre and the existing grid point, lower load factors, longer distribution lines and associated higher electrical transmission and distribution (T&D) losses [13]. For example, Narula et al. [51] found that every additional 1 MW of demand satisfied in unelectrified households by grid-extension costs four times as much as satisfying this demand through decentralised systems, in a so-called ‘minimum threshold scenario’, with a demand of 65 kWh per household per year, in the South Asian region. One reason for this is that LV lines for last-mile connectivity are the major component of cost for T&D [51]. Centralised generation costs are highly variable depending on the grid electricity mix and global fuel prices. Countries with high fossil fuels subsidies tend to favour these generation sources over renewables [49]. Out of 39 utilities in Sub-Saharan Africa, only two charged electricity tariffs that allowed them to reach cost-recovery; the average cost-reflective tariff for the region is 0.27 USD2016 $/kWh [69].

2.4 Costs of off-grid systems

Off-grid electricity generation costs are determined by the technology, resource availability and other operating factors [39]. For stand-alone systems, costs involve electricity generation and additional wiring costs. Supplementary equipment, known as balance of systems (BOS), is required to condition, transmit and store the surplus electricity. Typical components of BOS equipment include batteries, charge controller, power conditioning equipment (that is inverters to convert electricity for AC appliances), safety equipment and meters and instrumentation [70]. Solar PV mini-grids include costs of the PV module and BOS components comprising battery storage. An additional expenditure for mini-grids is the LV lines needed for distribution [68]. For both systems, associated costs are installations costs which can involve labour, design, management and insurance scaffolding [71]. Although up-front costs represent the major portion of the levelised costs of PV systems, the costs of key solar mini-grid components have fallen by 62-85% in the last 10 years [69]. In hybrid systems, diesel generators are usually used as a backup resource due to their lower up-front capital expenditures per kilowatt installed. However, fuel cost variability and fuel transport increase their costs, making fuel consumption the major contributor of the levelised cost for diesel generators [56]. Thus, depending on the power source, mini-grid costs can vary considerably [72]. A cost analysis of 12 mini-grids (solar and solar-hybrid) in Africa and Asia, undertaken by the WB, resulted in a mini-grid LCOE between 0.55-0.85 USD2019$/kWh, with a projected decrease to 0.22 USD$/kWh by 2030 [69]. 

2.5 Review of publications comparing grid and off-grid costs 

We have identified 16 peer-reviewed publications which explicitly compare grid-extension and off-grid systems (see Appendix B). There are numerous other publications that analyse off-grid system costs and a few others that evaluate grid-extension costs in isolation, but for the purpose of this research we focus only on studies that make an inter-comparison of both options. The generation sources analysed in these studies include fossil-fuel power plants, diesel generators, solar PV, wind, battery storage, hydroelectric, biomass and biogas, or a combination of these technologies, known as hybrid systems. For the most part, grid-extension is the least-cost option, but given that its cost range can vary widely, off-grid systems are the preferred option in some cases.

Out of these 16 publications, only 7 of them provide evidence of costs explicitly comparing these options, either using generation costs, levelised costs or LCC metrics. The other 9 studies also aim to find the least-cost option to meet the electricity demand of a target population and some of them even analyse the influence of certain parameters on energy access dynamics, namely population density, target level and quality of access, local energy resources, among others [42]. However, these papers do not disclose all the estimated costs of their analysis. The main findings of the studies not included in Table 2 are mentioned at the end of this section. Table 2 lists the final selection of the papers to illustrate the differences in costs between grid-extension, mini-grids and stand-alone systems in Figure 2. For the selected studies, we adjusted their values to 2018[footnoteRef:2] USD using the Consumer Price Index and converted to USD when the original data was reported in another currency. It is important to note that for off-grid systems, this chart only presents the costs of solar PV technologies; in some studies, various generation sources were modelled. [2:  We assumed the previous year to the publication of the paper as the original reported value date.  
] 




Table 2: List of papers comparing grid-extension and off-grid systems costs. Studies* do not explicitly explain if off-grid refers to stand-alone or mini-grids. 

	Study
	Reference
	 Location
	Demand type
	System architecture (SA)
	Considered technologies
	Notes

	S1
	[46]
	Ghana
	Household, productive, commercial & institutional
	SA #1: Mini-grid
	Diesel generator with LV distribution
	LCOE, costs include generation, T&D. 

	
	
	
	
	SA #2: Stand-alone
	SHS with diesel generator
	

	S2
	[68]
	Worldwide regions
	Household level
	SA #1: Mini-grid:
	Wind or diesel 
	Only LCOE generation values reported.

	
	
	
	
	SA #2: Stand-alone: 
	Solar PV
	

	S3
	[73]
	Kenya
	Household level
	SA #1: Stand-alone
	PV system (panels and batteries)
	Costs in optimal solution of baseline scenario.

	S4*
	[13]
	India
	Household level
	Off-grid (unspecified)
	PV-battery systems
	LCC values of off-grid biomass gasifier not disclosed. LCC value of grid considered a conservative estimate by authors.

	S5*
	[32]
	Bangladesh
	Household level
	Off-grid (unspecified)

	Solar PV

	Levelised cost of delivered electricity by grid expansion varies (load and line lengths). Other generation sources analysed.

	S6
	[64]
	Ethiopia
	Household level
	SA #1: Mini-grid
	Combined solar PV-wind system with batteries
	Baseline estimates of levelised costs. Other generation sources modelled.

	
	
	
	
	SA #2: Stand-alone
	PV solar 
	

	S7*
	[39]

	India
	Household level
	Off-grid (unspecified)

	PV electricity generator 
	Delivered cost of grid electricity.  Levelised unit cost of electricity for decentralised generation and supply.  






[image: ]
Figure 2: Chart illustrating the evidence of costs from different electrification strategies in USD2018. Studies* refer to off-grid unspecified (studies do not explicitly explain if off-grid refers to stand-alone or mini-grids). The circle in the middle of the whisker plot represents the midpoint of each range. The inset in the top left corner is a higher resolution plot of studies S1 to S4. Depending on the study, the cost of electricity access was calculated using different metrics (e.g. LCOE, LCC) as indicated in Table 2. 



Figure 2 shows that grid-extension is the least-cost option in most of the selected studies, but it also shows that grid extension costs are highly dependent on assumptions made. For example, in study S5 [32], the wide variation in the range of the delivered costs of grid electricity (0.11-8.59 USD$/kWh) is explained by the different line lengths (1-25 km) and load conditions (5-50 kW) calculated in remote areas of Bangladesh. Similarly, study S6 [64] concluded that stand-alone renewables are cost competitive in rural areas while grid-extension is more cost-effective in denser areas. Likewise, the wide range of the estimated delivered cost of the Indian grid electricity (0.10-7.02 USD$/kWh) is because study S7 [39] considered plain and hilly areas with different peak loads and load factors for their calculations. In brief, as shown in studies S5, S6 and S7, it is clear that the cost range of extending the grid can vary widely. Thus, there is an opportunity for off-grid systems to meet electricity needs where the grid is too costly to do so, and this may increasingly be the case given the significant cost reductions projected for such systems [69]. 

Previous studies concluded that renewable off-grid systems are the least-cost option to supply electricity in small remote villages, with low load demand, in India and Bangladesh [13,32,39]. For example, Narula et al. [51], found that in their scenario considering lower demand levels (electricity consumption of 65 kWh per household per year versus scenario with higher demand of 420 kWh per household per year), decentralised technologies were more cost-effective than the grid to achieve 100% electrification by 2030 in the South Asian region. Likewise, Amutha and Rajini [50] showed that a hybrid system, comprised of solar, wind, hydropower and battery storage, was the cost-optimal solution to cover the electricity needs of a village in South India. Zeyringer et al. [73] concluded that off-grid PV systems were cheaper than grid-extension in most regions of Kenya, while Parshall et al. [47] demonstrated that grid-extension was the least-cost option in this case. These contrasting results can be explained because the latter study used higher demand values and lower grid-extension costs than Zeyringer et al. [73].

Notably, a study conducted by Kemausuor et al. [46] found grid-extension as the cost-optimised solution for more than 85% of the 2,600 un-electrified communities analysed in Ghana, due to the country’s extensive pre-existing grid network coverage. Since grid supply was found to be cheaper than off-grid systems in densely populated areas of Ethiopia, Ghana and Kenya, Deichmann et al. [64] emphasised the importance of decarbonising the electricity mix for centralised power generation in Africa. According to Nerini et al. [42], grid-extension is the least-cost solution for the majority of the newly electrified households in Nigeria and Ethiopia, at 85% and 93%, respectively. However, the authors showed that mini-grids and off-grid systems are more cost-effective to reach the remaining low-density populations in both countries. This is in line with the findings from Szabó et al. [18] and Dagnachew et al. [7] for Sub-Saharan Africa. Some studies also demonstrate that the least-cost option can vary depending on the different electricity access targets considered [7,42,49]. Similarly, van Ruijven et al. [68] concluded that mini-grids and stand-alone systems will have a greater cost-effective potential in rural areas of Africa and Latin America due to the high grid connection investments needed in low population density areas. Finally, Levin and Thomas [49] stated the key role of SHS in cost-effectively providing universal access to basic energy services, equivalent to Tier 1 and Tier 2, in developing countries. They suggested that this approach should be complemented with centralised systems to improve access to Tier 4 and Tier 5 standards, as demand grows.

2.6 Major analytical gaps in understanding the relative economic costs

One of the main challenges of comparing existing studies is that authors use different metrics to determine the least-cost option. Some authors report LCOE for generation only [68], whereas other studies calculate the delivered costs of electricity which include the levelised unit cost of generation and T&D [32,39,64]. In some studies, the national costs of grid electricity or tariffs are used as a proxy for centralised grid costs [18], which can be heavily subsidised and thus make the fossil fuel options appear more competitive. The levelised cost of used electricity is an alternative metric that could be applied to consider the electricity that is of actual value to the community [74].

Moreover, there can be large uncertainty ranges for the generation costs of grid and off-grid options, due to uncertainty in the investment costs for grid electrification, in particular [68]. For example, Blechinger et al. [63] estimated the initial investment needed globally by 2030 for the implementation of three different scenarios for electrification pathways. However, grid-extension costs excluded investment in centralised power generation in their analysis. For each scenario, the authors considered grid-extension costs of 2,500 USD per household connection (representing grid infrastructure investments), mini-grid investment costs between 1,000-6,000 USD, and SHS costs of 300-1,300 USD, per household connection. The study concluded that off-grid technologies often require lower initial investments than grid-extension to achieve SDG7 [63]. 

Another challenge is in the assumptions used to estimate the current electricity demand and expected demand growth in the future. For instance, Zeyringer et al. [73] calculated demand growth based on economic and population growth. In contrast, in the study conducted by Deichmann et al. [64], population growth is not considered. For these reasons, most of the studies include sensitivity analysis to assess the influence of certain variables in the optimal electrification solution. In general, the key parameters changed are costs, electricity demand, population density, distances and target level of access. Nevertheless, understanding relative costs of grid-extension and off-grid systems, considering all relevant costs and using consistent metrics, remains a critical area for further research in order to provide a complete and useful cost comparison.

The findings of the studies reviewed in this section are summarised in Table 3.

Table 3: Summary of findings of least-cost option for each electrification strategy.

	Least-cost option
	Study
	Characteristics involved
	Gaps and challenges

	Grid-extension
	[47]
	Densely populated areas
Higher demand levels
Proximity to the grid
Pre-existing grid network coverage
Access to higher energy services (Tier 4 and 5)


	-Different metrics used to determine the least-cost option, e.g. LCOE generation vs delivered costs (includes T&D) vs costs of grid tariffs as proxy (can be heavily subsidised)

-Large uncertainty ranges for generation costs given uncertainty in grid investment costs
 
-Assumptions used to estimate current demand and expected growth in the future

	Off-grid
	[13]
[32]
[39]
[50]
[51]
[73]
	Rural areas, low-density populations
Lower demand levels
Large distance from the grid 
Local renewable sources supplying electricity to remote villages with low load demand
High grid connection investments needed 
Access to universal access to basic energy services (Tier 1 and 2)
	

	
Combination (depends on community’s characteristics)
	[7] 
[18]
[42]
[46]
[48]
[49]
[56]
[64]
[68]
	
Wide variations in cost range of grid-extension due to different line lengths, load conditions, peak demand, topography (plain/hilly areas), assumed costs, target level of access 

	





3. Comparing grid versus off-grid environmental impacts

3.1 How have environmental impacts of grid-extension and off-grid electrification been considered?

Aside from cost, environmental impacts are a critical consideration in comparing different electrification options to meet SDG7, since these touch on a number of other SDGs (including SDG6, Clean water and sanitation; SDG13, Climate action; and SDG15, Life on land). As already noted, some studies consider environmental externalities in their analysis and include them in their calculations of LCC, as well as LCOE. For example, Mainali and Silveira [15] incorporated the environmental costs by considering emissions factors from different generation technologies and monetising the burdens caused by these emissions, using the damage cost or external cost of energy ($/kWh). The impacts of energy use considered were CO2, nitrogen oxides (NOx) and sulphur oxides (SOx) emissions at each stage of the life cycle activities, including construction, operation, dismantling and fuel cycle of the technologies assessed. 

Multi-criteria decision-making (MCDM) methods also consider factors in their environmental dimension to compare different technologies (see Section 4 below). The criteria chosen depends on the study, but generally include pollution emissions, including GHG emissions, local environmental impact, noise emissions, and aesthetics [32,75]. Environmental Impact Assessment (EIA) and Strategic Environmental Assessment (SEA) are specific tools to evaluate potential environmental impacts and propose mitigation strategies to prevent and limit them. EIA focuses on a specific project and the measures suggested to manage its negative impacts whereas SEA appraises the environmental impacts of a proposed policy, plan or programme, and thus their scope is more comprehensive, as illustrated in Figure 3. SEAs aim to improve strategic decision-making towards sustainable solutions. For instance, EIA could evaluate the potential effects of a utility scale solar farm project while SEA will be a useful method to appraise the energy policies developed in a given country, taking into account many projects encompassed by those policies [76,77].
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Figure 3: Image showing methods to assess environmental impacts. ‘Site independent’ and ‘time independent’ indicate that no consideration is given to when and where the impacts occurred, producing a site-generic result. Adapted from [76,78].


As shown in Figure 3, a method widely used to quantify the environmental impacts of energy systems is Life Cycle Assessment (LCA) analysis. The International Organisation for Standardisation (ISO), through ISO 14040 and 14044, serves as a standard for the LCA methodology [79]. LCA assesses the impacts of products and services by identifying the energy and materials used and waste released into the environment throughout their life cycle. In the impact assessment phase of the LCA analysis, the aim is to understand and evaluate the extent and significance of the potential environmental impacts of a certain product. To carry this out, different categories representing environmental issues and interventions such as climate change, loss of biodiversity and ecotoxicity, among others, are included. For energy systems, the functional unit typically used to evaluate the related environmental impacts is the delivery of 1 kWh of electricity to end users [80,81]. Depending on the scope of the LCA study, the impacts could be on the generation, transmission or distribution of electricity (see Figure 4). However, most studies focus on the environmental consequences of electricity generation. Few studies assess the impacts from T&D of electricity. Furthermore, Turconi, Simonsen, Byriel, and Astrup [82] found only one LCA study that explicitly covers the impacts of both generation and T&D in their analysis. Environmental impacts of grid-extension versus off-grid systems using LCA analysis centre on climate change as an impact category. 
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Figure 4: Schematic of several environmental impacts of grid-extension and off-grid systems.


Electricity provision requires energy and materials for the extraction of raw inputs, manufacture, transport, installation and maintenance of grid and off-grid systems. The construction of these systems involves mining scarce materials such as copper, steel and aluminium for its components manufacture. At the same time, waste is released back to the environment from the production and operation of these energy systems. For instance, centralised grid systems generate emissions of heavy metals and pollutants such as ozone, nitrous oxide (N2O) and sulphur hexafluoride (SF6) leakages. On the other hand, PV module and batteries manufacture also release GHG emissions and produce electrical and electronic waste, which is hazardous, at the end of life of off-grid systems or when these break down [79,81-85]. The main inputs and outputs relevant to the environmental impacts of grid-extension and off-grid electricity systems are shown in Figure 4.

3.2 What metrics are associated with reporting the different environmental impacts?

Commonly, LCA studies produce a broad range of metrics that provide an environmental profile. Once the impact categories of the analysis are chosen, a characterisation method is needed to quantify the impact of environmental interventions related to each category. The characterisation factor associated with energy systems is generally the Global Warming Potential (GWP), a metric developed by the Intergovernmental Panel on Climate Change (IPCC) to define the GWP of GHG emissions [80]. In the energy context, it examines the carbon footprint of electricity. The indicator result unit is expressed in grams of CO2-equivalentemissions per kWh (gCO2-eq/kWh) [81] or absolute emissions [86]. 

Energy analyses consists of calculating the input of primary energy to manufacture a good or provide a service from all the resources needed. Carrying out energy analyses is more appropriate than LCAs when the system under study is extensive or the data is limited [87]. The two indicators used in energy analyses are [81]:

· Cumulative Energy Demand (CED), which estimates all the energy consumed during the life cycle of a product.
· Gross Energy Requirement (GER), which accounts for the life cycle primary energy inputs required to deliver a good or service to the point of interest.

Additional energy indicators used to compare environmental impacts of fossil-fuel electricity generation versus renewables are [81]:

· Net Energy Ratio (NER), which shows the efficiencies of energy extraction and conversion systems [88]. It represents the amount of energy that a technology can produce relative to the total amount of energy that was consumed, over the total life cycle. Technologies are considered renewables when their NER is higher than 1.
· Energy Payback time (EPBT) is a parameter of the time during which the energy system will produce the same energy used for its construction.
· CO2-eqPayback time (CO2-eqPBT) is the time required for the energy system to save the total amount of CO2-eq emitted throughout its entire life cycle. For PV systems, the CO2-eqPBT is determined by the amount of kWh produced by the system and the grid emission factor (CO2-eq/kWh) of the grid system whose emissions are avoided as a result of using the PV system [81].

3.3 What are the GHG impacts of these options?

This review centres on the comparison between centralised fossil-fuel based grid-extension and off-grid renewable systems, namely solar energy and battery solutions. Most of the environmental impacts mentioned in the literature focus on climate change mitigation analysis, that is, on quantifying the opportunities to reduce GHG emissions [9]. For example, Alstone et al. [5] found that substituting kerosene lighting with either grid-extension connection or off-grid systems is a mitigation opportunity in Kenya as the emissions intensities of such systems are much lower. For grid-connected systems, power generation based on fossil fuels produces emissions of CO2, NOx and sulphur dioxide (SO2), largely during the plants’ operation [89]. In 2018, global energy-related CO2 emissions increased by 1.7%; approximately two-thirds of this growth were accounted to the power sector. Currently, the average carbon intensity of electricity generated equals 475 gCO2-eq/kWh [90]. 

The main benefit of renewable energy technologies, such as solar PV, is the abatement of GHG emissions and local air pollution mitigation relative to fossil-based electricity. The environmental impacts from the operation of solar PV systems are negligible since GHG or other pollutants are not produced [89]. A review of life-cycle GHG emissions of different electricity generation technologies by the IPCC[footnoteRef:3], reported values between 675 – 1,689 gCO2-eq/kWh electricity for coal combustion. In contrast, the harmonised life-cycle GHG emissions for solar PV was 5-217 gCO2-eq/kWh [91]. This includes emissions from the energy input required to manufacture PV modules and install them [85]. The WB estimates a potential of 1.5 billion tons of CO2 emissions avoided by 2030 if solar PV-battery mini-grids coupled with energy efficient appliances are installed [69].  [3:  Special Report on Renewable Energy Sources and Climate Change Mitigation (SRREN) report cited by the IPCC [91].] 


3.4 What are the non-GHG environmental impacts of these options?

It is equally relevant to investigate other impacts from the manufacturing and operation of energy technologies beyond GHG emissions. PV production requires scarce metals which involve mining activities. Other negative impacts are the use of toxic compounds, explosive gases and corrosive liquids in material processing [89,91]. The highest environmental impact of solar PV is due to the PV cell manufacturing process [81]. 

In contrast to off-grid systems, centralised grid systems require large infrastructures for electricity transmission. Environmental concerns around the construction of new transmission lines focus on the materials and energy needed for construction, maintenance and end-of-life processes (the latter refers to the recycling, disposal and waste derived). Another negative impact is the emission of metals and pollutants from the components [40,79]. 

Renewable sources are generally considered as low-carbon technologies, hence, other environmental impacts such as water use, land footprint and biodiversity are often neglected [92]. The land use impacts of PV systems installation differ in size for grid-extension and off-grid systems [89]. All technologies deployed at a large-scale application, even renewable energies, have environmental impacts [91]. Utility scale solar PV can affect ecosystems and biodiversity by clearing vegetation, fragmenting habitats and preventing movement of species, for instance. In contrast, roof-top PV systems have lower impacts as they are typically mounted on already existing structures [93].

In general, the decentralisation of power generation or small-scale schemes have lower biodiversity impacts [94]. However, a growing environmental concern is the e-waste generated from solar PV and battery systems when there is a lack of repair schemes or when technologies stop operating or break down [83]. A study conducted by Ristic et al. [92] used a range of values as input data to assess the aggregate footprint of electricity generation technologies in the European Union. The authors concluded that low-carbon technologies are preferable to fossil fuels for electricity generation when considering water and land footprints, with the exceptions of biomass, owing to its land footprint [92]. This concern is highlighted in many other studies [41,89,95]. Other non-GHG impacts of renewables often cited are the modification of water flow regimes caused by hydroelectric plants affecting fish migrations and the collision risks to birds due to wind farms installations [93]. However, renewable energy sources have been estimated to have lower impacts on soil, water and air pollution than fossil-fuel sources [96].

Unlike with cost data as presented in Section 2, fewer studies make direct comparisons of environmental impacts of grid and off-grid systems [89,97-100]. Studies about environmental impacts of grid-extension systems, focusing where possible on generation and transmission elements separately, and off-grid systems, focusing on solar PV technologies, are summarised in Table 4. Figure 5 shows the emissions from grid and off-grid systems as indicated in Table 4.  



Table 4: Overview of publications about environmental impacts of grid-extension (generation, transmission and distribution of electricity) and off-grid systems (solar PV technologies and diesel generators).

	Reference
	Technology specifications
	Scope of study
	Method
	Location
	Key metrics* 

	Transmission and/or Distribution networks

	[101]
	Fossil fuels and renewables

	T&D
	LCA
	55 countries
	Transmission extension infrastructure: 12.6 - 336 tons of CO2-eq/km


	[79]
	Renewable sources generation (wind and solar)
	Transmission grid expansion needed (45,300 km) to accommodate renewables. Considers upgrading of existing equipment.
	LCA
	Europe
	10.7 Mton CO2-eq; 0.074 gCO2-eq/kWh
Metal depletion: 11.2 Mton Fe-eq; 0.08 Fe-eq/kWh.
Land required: 58 ha/MW

	[102]

	Norwegian electricity mix assumed
	Transmission grid network 
	LCA
	Norway 
	1.3-1.5 gCO2-eq/kWh

	
	European power mix assumed
	
	
	Average European mix
	10.6-11.8 gCO2-eq/kWh

	[103]
	Great Britain’s generation mix
	Transmission network
	LCA
	Great Britain
	11 gCO2-eq/kWh

	[82]
	Danish electricity mix considered
	Distribution networks (including T&D – infrastructure and power losses)
	LCA
	Denmark
	Transmission: over 15 gCO2-eq/kWh

	
	
	
	
	
	Distribution: nearly 30 gCO2-eq/kWh (2 gCO2-eq/kWh from infrastructure within distribution)

	Generation

	[97]
	Traditional electrification (home diesel generators and central grid electricity)
	Marginal electricity grid production (excluding impacts of grid expansion –new power plants and transmission infrastructure)
	LCA
	Kenya
	Home diesel genset: CED= 4,852,745 MJ; EYR= 5.45
Marginal grid mix: CED= 3,192,795 MJ; EYR= 3.59

	[104]
	Fossil fuels and renewables
	Generation
	Review of LCA studies

	Generic (any site)
	Solar PV generation: 13-190 gCO2-eq/kWh 
Gas: 380-1,000 gCO2-eq/kWh
Oil: 530-900 gCO2-eq/kWh
Coal: 660-1,050 gCO2-eq/kWh

	[105]
	Fossil, nuclear and renewable energy technologies
	Generation
	Review LCA studies
	Generic
	Nuclear: 2.8-24 gCO2-eq/kWh
Solar PV: 43-73 gCO2-eq/kWh
Gas: 440-780 gCO2-eq/kWh
Oil: 500-1,200 gCO2-eq/kWh 
Coal: 750-1,250 gCO2-eq/kWh 

	[106]
	Fossil fuels and renewables
	Generation
	LCA
	Japan
	Solar PV: 53.4 gCO2-eq/kWh
Gas: 518.8-607.6 gCO2-eq/kWh
Oil: 742.1 gCO2-eq/kWh
Coal: 975.2 gCO2-eq/kWh

	[107]
	Utility-scale solar energy
	Upstream, operational and downstream processes
	Review LCA literature
	Generic
	PV solar technologies : 14-45 gCO2-eq/kWh

	[101]
	Fossil fuels and renewables
	Electricity production
	LCA
	55 countries
	Electricity production: 6 - 1,110 gCO2-eq/kWh


	[108]
	Utility-scale solar energy
	Impacts on regional biodiversity
	Spatial multi-criteria analysis
	California
	Compatibility indices mapped for solar energy development and biodiversity conservation in California.

	[109]
	PV technologies (mono- and multi-crystalline silicon, ribbon-silicon and cadmium telluride)
	Cradle-grave PV modules and BOS
	LCA
	Southern Europe and U.S.
	CdTe PV modules: 24 gCO2-eq/kWh; EPBT= 1.1 years
Si modules: 30-45 gCO2-eq/kWh; EPBT= 1.7-2.7 years.

	[110]
	Large-scale solar power plants
	Installation and operation
	LCA
	U.S.
	Solar power plant: 16-86 gCO2-eq/kWh

	[111]
	Renewable sources
	Generation
	Review of LCA studies
	Several countries (Japan, Germany, Italy, Singapore, U.S., Greece)
	PV system: 53.4–250 gCO2-eq/kWh

	Off-grid systems – Generation 

	[97]
	Three PV microgrids (PV-battery, PV-diesel, PV-hybrid systems)
	Systems modelled to meet community’s maximum daily electricity demand with minimum environmental impact
	LCA
	Kenya
	PV-battery:  CED= 306,165 MJ; EYR[footnoteRef:4]= 0.37; EPBT 9.2 years. [4:  Energy yield ratio as CED/Energy consumed by community [97].] 

PV-Hybrid: CED= 612,278 MJ; EYR= 0.69.
PV-diesel: CED= 3,758,010 MJ; EYR= 4.22.

	[98]
	Solar PV power system



	62.7 kW PV plant, demand of 175 kWh/d with 1% annual load growth
	LCA
	Nigeria
	PV power system: 
Emission rate: 50 gCO2-eq/kWh; GWP: 4,307-5,400 kgCO2-eq

	
	Diesel generator
	Diesel generator for 24, 27 and 30 houses
	LCA (diesel gen) and review 
	
	Diesel generator: Emission rate: 572-636 gCO2-eq/kWh
Diesel generator (review): Emission rate: 762-869 gCO2-eq/kWh

	[89]
	Solar PV systems deployment
	Reduction of emissions from renewable generation (instead of fossil-fuel consumption) by 2030
	Review
	Developing countries 
	Emission savings from PV: 530 gCO2-eq/kWh
Emissions reductions: 69–100 million tons CO2; 126,000–184,000 tons SO2; 68,000–99,000 tons NOx 

	[112]
	Residential PV systems (installed in slanted roofs; non-integrated) 
	3 kWp PV system
Production of 1 kWh of PV electricity
	LCA
	Regions with low solar irradiation (Northern Europe and Canada)
	PV electricity: 80 gCO2-eq/kWh (PV-system used 30 years); 120-130 gCO2-eq/kWh (PV-system used 20 years)
EPBT= less than 5 years


*Key metrics reported in study including Global warming potential (GWP) and / or value of another key metric, as specified. Cumulative energy demand (CED), Energy payback time (EPBT) and Energy yield ratio (EYR). Bilich et al. [97] define EYR as CED/Energy consumed by community.
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Figure 5: Chart showing emissions from grid and off-grid systems; bars indicate median values of emissions as reviewed in Table 4. Fossil fuels* include gas, oil and coal; with the range varying from the low end of gas (380 gCO2-eq/kWh) to the high end of coal (1,250 gCO2-eq/kWh).


3.5 Where are the major analytical gaps in understanding the relative environmental costs and benefits of different electrification strategies?

As shown in Table 4, comparative data of environmental impacts of grid and off-grid systems is lacking. Few studies evaluate the environmental feasibility of off-grid systems [9] in a comprehensive way. Environmental impacts of off-grid systems are focused on CO2 emissions reduction, often through kerosene replacement [113,114]. As has been noted (see Table 4), LCA studies focus on electricity generation rather than on the impacts from T&D [82]. Furthermore, there is little evidence of the ecological impacts of utility scale solar PV [93]. Other gaps in the literature are the consequences of the disposal and recycling of PV systems and batteries [83]. Similarly, the negative impacts on land use and biodiversity [93], as well as on local communities, due to the development of large-scale projects have been overlooked [115,116]. Moreover, only a limited number of studies assess electricity technologies across multiple environmental impacts directly [92]. For the most part, there is a lack of studies on the impacts of power production on biodiversity (see Table 4). Future research should put emphasis on identifying and providing evidence of the best pathways to optimise mitigation, adaptation and biodiversity in the energy sector [94]. 


4. Towards a comprehensive assessment of options

Sections 2 and 3 show that a number of studies have made progress in allowing a comparison of the economic and environmental implications of grid and off-grid systems. However, for many countries seeking to rapidly expand their electrification rate, it is critical to make decisions on the basis of both of these factors in a consolidated analysis. The benefit of considering economic and environmental impacts simultaneously is to avoid unintended consequences [117]. For example, by providing universal electricity access through cost-effective solutions whilst increasing GHG emissions or biodiversity loss. This section therefore discusses how these different factors can be combined to provide a comprehensive assessment of electrification options. 

4.1 How can we construct an analytical framework to compare different electrification strategies?

At its most basic level of analysis, indicators that reflect single aspects, such as economic and environmental impacts, can be used to compare different rural electrification strategies. In a similar manner, more complex methods, namely systems-based and participatory approaches, have been developed [75]. Bhattacharyya [75] identified four analytical approaches used in the energy systems literature to decide on an appropriate electricity supply for rural areas. This included indicator-based analysis, optimisation techniques, MCDM and systems analysis approaches. These different approaches are not mutually exclusive and can be combined for a more comprehensive evaluation of impacts. Bhattacharyya [75] suggested that a hybrid tool, for instance using a system optimisation such as HOMER and a MCDM tool, will provide a better methodological approach for the analysis of off-grid electricity access projects or programmes. Rahman et al. [32] determined the most suitable option to provide access in a rural village in Bangladesh by first comparing the levelised cost of delivered electricity via grid versus off-grid. Since the grid-extension was not viable, the authors then used a MCDM approach to determine the preferred off-grid alternative. This study considered 24 criteria under five sustainability dimensions (technical, economic, environmental, social and policy) [32]. A similar two-phased methodology was developed by Juanpera et al. [118] to compare rural electrification systems with solar PV, wind and diesel generation in Nigeria. Firstly, the study applied a techno-economic optimisation model to generate electrification designs, followed by a multicriteria procedure consisting of 12 criteria representing four dimensions (economic, technical, socio-institutional and environmental) to determine the recommended electrification strategy [118]. Trutnevyte et al. [119] proposed a methodology for linking visions with energy scenarios and MCDM. Their framework consists of four steps [119]:
1. Devise qualitative visions of an ideal energy system 
2. Analyse specific, quantitative energy scenarios in terms of their technical feasibility to implement the vision
3. Carry out a stakeholder-based MCDM assessment
4. The information derived from the previous steps is given to the actors involved and integrated in a discourse or decision-making. 

Aberilla et al. [117] develop future scenarios to evaluate transition pathways of energy and water supply in remote communities by 2030. The authors also applied a MCDM to perform an integrated sustainability assessment including economic, environmental and social dimensions. Furthermore, this study presents a complete approach by integrating energy systems design, techno-economic analysis, LCA, social impact assessment and MCDM. Finally, another study applied a combination of indicators to assess the sustainability performance (technical, economic, environmental, social and institutional dimensions) of six existing off-grid renewable projects in Indonesia. The authors also considered the Institutional Analysis and Development (IAD) framework, developed by Ostrom, to explain the endurance of these electricity projects under commons conditions [34].

4.2 How can we combine economic and environmental metrics?

Typically, the starting point of an environmental LCA and economic Cost-Benefit Analysis (CBA) is EIA. The increasing use of these and other existing sustainability assessment tools, such as LCC analysis and SEAs, that have different methodologies, can lead to conflicting and biased results [44,120]. It should be noted that LCC mentioned previously in this review refers to financial LCC, meaning that only economic costs are considered. Environmental LCC is another type of LCC which extends the analysis to include life cycle costs borne by other actors known as externalities, as explained in Section 2.1. In either case, both tools can be used in sustainability assessment methods to add the economic dimension in the analysis [44]. Previous studies provide guidance on the analytical tools that can be used in the process of an EIA [121] and a SEA [76]. For example, Hoogmartens et al. [44] developed a framework for the complementary use of different tools. To perform a full sustainability assessment, the authors suggest using:

· LCA and LCC in parallel to include the environmental and economic dimensions in the comparative assessment of products. This approach gives insights on different sustainability attributes.
· CBA to evaluate the lifetime effects of a specific project or policies. It estimates environmental impacts in terms of money values and thus it allows for a full sustainability assessment.
· Life Cycle Sustainability Assessment (LCSA), refers to combining elements and sub-methodologies of LCC and LCA tools for a complementary approach.

Regardless of the framework used, some tools involve the monetary valuation of external environmental impacts. CBA requires valuation while for LCA, LCC, and SEA, monetary valuation and weighting, based on value judgment, is optional [120]. In their previous analysis, Gasparatos and Scolobig [121] identified a research gap in the sustainability assessment literature on ways to integrate the outputs of biophysical and monetary tools. 

Multicriteria decision analysis provides a variety of methods to combine economic and environmental indicators [75,117]. This flexible tool can incorporate a more comprehensive representation of sustainability and capture a wider range of perspectives. Although it recognises different criteria, the lack of indicator aggregation makes it a tool closer to a strong sustainability perspective [121]. In ecological economics, a strong sustainability approach considers natural capital as non-substitutable with other forms of capital, notably man-made capital, human and social capital [122]. Amongst the advantages of MCDM methods is the possibility to include technical and non-technical aspects as well as allow the active participation of stakeholders [75,96]. Table 5 shows key findings of studies that applied MCDM methods to assess different electrification options in specific locations whilst analysing their economic, environmental, social and other implications. Some studies use a combination of MCDM methods, techno-economic optimisation tools, LCA analysis and other techniques to determine the preferred electrification choice considering different sustainability dimensions. 



Table 5: Review of publications applying MCDM methods to compare electrification pathways. 

	Reference
	Location
	Options considered
	Criteria included
	Weighting method
	Key findings

	[117]
	Prototypical remote community 
(small-islands in the 
Philippines selected as representative)
	-Off-grid: synergistic 
generation system of energy and water supply
-Five future (2030) scenarios quantified: Current (diesel),
BAU (diesel), 
Transition (diesel, PV, wind, biomass),
Independent (PV, wind, biomass, li-ion battery), Advanced (diesel, biomass, li-ion battery),
Advanced Independent (PV, biomass, li-ion battery)
	Social, environmental and economic sustainability
	-Social assessment:  various estimation methods for 16 indicators considered
-Environmental assessment:  LCA
-Economic assessment: 
LCC
-Integrated sustainability assessment: 
MCDM – VIKOR method
	-Best option socially: Transition scenario
-Best option environmentally: Independent and Advanced Independent scenario
-Most sustainable option overall: Independent scenario
-Less sustainable option overall:
BAU 


	[23]

	Brazil 
	Grid: identifies 
potential sites for deployment of wind distributed generation 
	Environmental, social, technical and economic 

	Various MCDM 
methods: Rank Sum, Analytical Hierarchy Process (AHP), Weighted Linear Combination, fuzzy logic
	-Each method results on trade-offs between criteria 
-All methods 
converge objectively to some regions with common characteristics

	[123]
	Philippines 
	Off-grid: eight technology combination options considered (diesel, solar PV, li-ion storage, and others)
	Socio-economic, environmental and technical 
	-Quantitative performance assessment (via techno-economic simulations) and qualitative 
assessment (via expert estimates)
-MCDM methods: Fuzzy AHP and Grey Relational Analysis (GRA) 
	-Most important criteria: system reliability and social acceptability
-Highest performance score: diesel-solar PV hybrid system and diesel-solar PV-li-ion hybrid system 

	[124]

	Cuba
	Off-grid: five energy 
technologies considered (current silicon PV modules, new silicon PV, thin-film PV, organic PV, diesel generator)
	Natural, physical, social, human and financial 
	Multi-criteria systems approach: SURE-Decision Support System; uses LCA to assess environmental impacts 
	-All PV technologies meet electrification demands of community, but emissions mitigation varies
-Organic PV will avoid most emissions 

	[125]
	Venezuela
	Grid and off-grid: 13 alternatives proposed including 
dispersed (e.g. SHS) or compact decentralised generation (mini-grid) and grid extension. Various   renewables and fossil-fuel options.
	Technical, economic, environmental and social 
	Combination of MCDM methods: AHP and VIKOR
	-Best electrical supply option for rural locations: Mini-grids (renewables and storage)
-Grid extension and SHS are not adequate solutions 

	[32]

	Bangladesh 
	Grid and off-grid (solar PV, wind turbine, biogas plant, mini-hydro, PV-wind-hybrid, diesel generator)
	Technical, economic, social, environmental and policy /regulation 
	For off-grid evaluation:
MCDM – SMAA-2 method (Stochastic Multicriteria Acceptability Analysis)
	Most preferable off-grid alternatives: Solar PV and biogas plants

	[126]

	Colombia
	Off-grid options: current diesel, micro-hydro, solar PV, biomass, current diesel + biomass, current diesel + solar PV, current diesel + micro-hydro 
	Financial, infrastructural, natural, social and human
	Multicriteria decision-support model, using sustainable livelihoods approach 
	Most sustainable option: biomass power plant

	[127]
	Corsica island

	Grid: assessment of 16 proposed PV plant projects to connect to the grid network
	Energy, geo-economic, ecological, visual impact, territorial use and financial effect 
	MCDM –
ELECTRE IS 
method
	Four projects selected 

	[128]

	Germany
	-Grid: distributed generation
-Four future (2025) scenarios: differ in degree of decentralisation of the grid and share of renewables in the energy mix; other assumed technical, economic and social conditions. 
	Economic, environmental and security of supply
	MCDM – AHP method
	-Decentralised generation can contribute to climate protection
-Performance of scenarios is positive/negative depending on the degree of decentralisation of supply

	[129]
	Spain
	Regional energy system planning 
focusing on renewables 
	Technological, environmental, socio-economic and Delphi criterion (expert opinion)
	Combination of MCDM – PROMETHEE method, expert opinion and SWOT analysis
	Increase of 42% of renewables from current situation, mainly solar energy (thermal and PV)






4.3 What are other considerations of different electrification options?

It is also important to note other considerations beyond technological aspects, specifically economic and environmental, that influence the deployment and uptake of renewable electrification solutions in developing countries (see Table 5). Technical expertise is not only important during the initial stages of rural electrification projects but also during the system’s operation to avoid maintenance issues. Similarly, it is essential that there is an adequate financial model in place to support the ongoing operation of the system [41]. Successful and resilient rural power systems need to have access to financing options, which are usually in the form of funding or aid grants, although one of the project’s aim should be to become economically self-sufficient in the long-term [95]. Amongst the key social aspects that contribute to long-term success of these projects is community involvement and empowerment. Project developers should engage the local community at all stages of the project development, specially through local consultations since its beginning. Furthermore, resilient rural power systems need to be able to adapt to the changing needs and conditions of the community [41,95]. Shahsavari & Akbari [89] identified barriers to solar energy deployment in developing countries. Amongst these are the lack of government policy and regulation support, shortage of qualified engineers to address technical issues and non-existent appropriate infrastructure to reach target communities. Also, the low price of fossil fuels and the subsidies given by some countries cause renewable energies to be less competitive [89].

Cherni [96] evaluated the sustainability of renewable energy technologies in Colombia, Cuba and Peru. The author developed a methodology of multi-criteria analysis to appraise the technical and non-technical factors of rural energy systems. Cherni [96] stresses the importance of non-technical factors to ensure the sustainability of the systems. In this context, sustainability refers to the technical effectiveness and efficiency of the renewable energy technology as well as the affordability of the system’s maintenance and operation. In addition, it involves its capacity to fulfil the needs and priorities of the users whilst socially improving their livelihoods with a minimum negative environmental impact. Moreover, for the system to be sustainable, these features should remain constant in the long term [96].

In the same way, politics play a key role in the implementation and success of electrification projects. Rural areas present different development challenges than urban areas and thus the adaptation of different policies is necessary. It is equally important that policymakers create clearly defined future directions that are consistent to provide certainty to project developers [41]. Additionally, a major concern of mini-grids systems developers is the uncertainty of their investment once the main grid arrives. An extreme outcome of this is the abandonment of the systems which has been the case in Cambodia, Sri Lanka and Indonesia [33]. To avoid this, policies and regulatory frameworks coupled with new technologies that facilitate the integration of these two rural electrification strategies must be devised. Currently grid and off-grid systems are seen as separate and competing electrification pathways. However, an integral strategy that considers all different electrification solutions will be needed to accelerate universal access [38].


5. Conclusion and recommendations

This review focuses on comparing, where possible, the economic and environmental impacts of grid and off-grid systems. It finds that in terms of the economics, there is a wide variation in grid-extension costs depending on distance, terrain, population density, load conditions and other assumptions made. Across each of the grid-extension studies, costs ranged between almost two orders of magnitude, from as low as 0.1 to as high as 9 USD2018$/kWh. Thus, in areas where grid-extension is prohibitively expensive, off-grid systems are an important intermediate step to provide energy access and stand-alone systems are key to supply access to basic electricity services (below Tier 1 and above). In terms of the environmental impacts, few studies directly compare the impacts of grid versus off-grid electrification strategies. However, where grids are dominated by fossil fuels, they are likely to have much higher life-cycle GHG emissions stemming primarily from the generation side (with emissions intensities from below 400 gCO2-eq /kWh for gas, to more than four times this for some coal generation). For transmission and distribution, there is a wide range of estimates, from below 1 gCO2-eq/kWh to almost 30 gCO2-eq/kWh. This compares to a range of life-cycle emissions for solar PV off-grid systems from as low as 5 to more than 200 gCO2-eq/kWh.

Overall, the review finds a number of evidence and methodological gaps which should be addressed with increasing urgency in order that a fully informed comparison of grid versus off-grid electrification strategies can be made at this crucial time when countries strive towards meeting their SDG7 goals. Firstly, few studies explicitly compare grid-extension costs against off-grid systems costs. As highlighted in Section 2, there is a lack of consistency in the methodologies used to determine the least-cost option. In some studies, subsidised tariffs are applied, which do not reflect the true costs of grid electricity supply, whilst in other cases the environmental costs or externalities are not integrated in the analysis. Moreover, assumptions considered to forecast electricity demand might also lead to different results. Given how crucial it is to rapidly provide electricity access and in view of the important role off-grid systems are gaining as a viable sustainable alternative, research should focus on comparing the costs of these options using a consistent metric and ensuring electricity consumption calculations include realistic demand assumptions. Here the levelised cost of used electricity is a suitable metric which comprehensively captures the costs to communities of electricity access. The authors suggest undertaking economic comparisons of grid-extension and off-grid systems whilst developing a robust methodology that uses this levelised cost measure, whilst at the same time clearly and explicitly accounting for subsidies, externalities as well as the emissions and potential decarbonisation of centralised power generation. It is also essential to understand the needs of the target community.

A second challenge is that the literature on the environmental impacts of grid and off-grid systems is limited in its scope and coverage of the full range of impacts. The analysis generally focusses on GHG emissions impacts and on the environmental consequences of electricity generation only. Hence, other environmental impacts such as water usage, land use, biodiversity and e-waste generated are often ignored. Similarly, there is little attention on the impacts from T&D of electricity and on the changes on the electrification mix due to the decarbonisation of the grid. To address this, it is important to understand the environmental impacts of the entire electricity system, including T&D and appraise other non-GHG impacts of electricity supply to carry out a complete environmental impact assessment. Based on this review, it is recommended that climate change metrics continue to be used when comparing environmental impacts of electrification strategies. However, other recognised metrics from wider LCA assessments, representing resource depletion, impacts on biodiversity, as well as water and land footprints, should also be measured and included to enable a complete comparison. As summarised in Section 4, a variety of methods and techniques to combine economic and environmental indicators have been applied in specific case studies. A further suggestion derived from this review is to apply a mix of techno-economic modelling tools, LCA analysis and thorough multi-criteria assessments for a comprehensive sustainability assessment of electrification pathways.  

Another important consideration is the lack of financial models that support the electrification project’s self-sufficiency in the long-term. For this reason, research is needed to identify whether there have been successful financial models designed for this purpose in specific contexts. Finally, the design and implementation of policy and regulatory frameworks to integrate different electrification strategies to support access is a research challenge. Thus, efforts to investigate policies that combine electrification solutions are also needed.
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Appendix A: Multi-tier matrix for access in the household locale [6].

	
	
	
	Tier 0
	Tier 1
	Tier 2
	Tier 3
	Tier 4
	Tier 5

	Electricity Supply Attributes

	Capacity
	Power
(W)
	Not specified
	≥ 3 
	≥ 50 
	≥ 200 
	≥ 800 
	≥ 2,000

	
	
	Daily capacity (Wh)
	
	≥ 12
	≥ 200
	≥ 1,000
	≥ 3,400
	≥ 8,200

	
	Duration
	Hours per day
	Not specified
	Min 4 
	Min 4
	Min 8
	Min 16
	Min 23 

	
	
	Hours per evening
	
	Min 1 
	Min 2
	Min 3
	Min 4 
	Min 4 

	
	Reliability
	Not specified
	Max 14 disruptions per week
	Max 3 disruptions per week of <2 hrs

	
	Quality
	Not specified
	Voltage problems do not affect the use of desired appliances

	
	Affordability
	Not specified
	Cost of a standard consumption package of 365 kWh/year <5% of household income

	
	Legality
	Not specified
	Bill is paid to the utility, prepaid card seller, or authorised representative

	
	Health and Safety
	Not specified
	Absence of past accidents and perception of high risk in the future

	Electricity Services
	Tier Criteria
	Not specified
	-Task lighting
-Phone charging
	-General lighting    -Phone charging   If needed: 
-TV          -Fan 
	Tier 2 AND any *medium-power appliances
	Tier 3 AND any **high-power appliances
	Tier 2 AND any ***very high-power appliances


*Medium-power appliances may include air cooler, refrigerator, freezer, food processor, water pump, rice cooker
**High-power appliances may include washing machine, iron, hair dryer, toaster, microwave
***Very high-power appliances may include air conditioner, space heater, vacuum cleaner, water heater, electric cooker  



Appendix B: Methods

For the present study, we used ‘Web of Science’ database and ‘Google Scholar’ search engine. In undertaking the review of literature available, we considered the following search terms on Web of Science: (energy OR electricity) AND access; AND grid*; AND {off grid OR off-grid} OR {minigrid OR mini-grid} AND {review OR literature review}. We also searched the following keywords to delve into more detail on the specific economic and environmental impacts of different electricity systems: economic; environmental; impact; grid*; {off grid OR off-grid}; {minigrid OR mini-grid}; (energy OR electricity) AND systems. The criteria we then used to prioritise the research carried out focused mainly on papers comparing grid and off-grid systems based on economic and/or environmental impacts, papers regarding rural electrification or energy access in developing countries, papers considering residential demand or demand at a household level, and papers including solar technologies. We further researched all the relevant literature cited on the papers selected using Google Scholar; we also used this search engine to identify relevant grey literature. For the economic review, we summarised the following elements for each paper to facilitate comparison between the 16 studies: ‘Study Location’, ‘Research Question/objective’, ‘Demand Type’, ‘System Architecture’, ‘Considered Technologies’, ‘Methodology’, ‘Software/model used’, ‘Evidence of Costs’, ‘Metrics used’, ‘Results’. In conducting the review of environmental impacts, we considered electricity systems in general, that is generation, transmission and distribution of grid-extension as well as impacts of solar PV technologies in developed and developing countries. We recognise that during this process, it is likely that our search method might have neglected some studies.
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